To assess the time course changes in N-acetylaspartate (NAA) and creatine (Cr) levels in the brain of athletes who suffered a sport-related concussion. Participants: Eleven nonconsecutive athletes with concussive head injury and 11 sex-and age-matched control volunteers Main outcome measures: At 3, 15, 30, and 45 days postinjury, athletes were examined by proton magnetic resonance spectroscopy for the determination of NAA, Cr, and choline (Cho) levels. Proton magnetic resonance spectroscopic data recorded for the control group were used for comparison. Results: Compared with controls (2.18 ± 0.19), athletes showed an increase in the NAA/Cr ratio at 3 (2.71 ± 0.16; P < .01) and 15 (2.54 ± 0.21; P < .01) days postconcussion, followed by a decrease and subsequent normalization at 30 (1.95 ± 0.16, P < .05) and 45 (2.17 ± 0.20; P < .05) days postconcussion. The NAA/Cho ratio decreased at 3, 15, and 30 days postinjury (P < .01 compared with controls), with no differences observed in controls at 45 days postconcussion. Compared with controls, significant increase in the Cho/Cr ratio after 3 (+33%, P < .01) and 15 (+31.5%, P < .01) days postinjury was observed whereas no differences were recorded at 30 and 45 days postinjury. Conclusions: This cohort of athletes indicates that concussion may cause concomitant decrease in cerebral NAA and Cr levels. This provokes longer time for normalization of metabolism, as well as longer time for resolution of concussion-associated clinical symptoms.
C
ONCUSSION is defined as a biomechanically induced brain injury characterized by the absence of gross anatomic damages. Supported by the absence of structural lesions on traditional neuroimaging, a general and broadly accepted view is that mild traumatic brain injury (mTBI) is indeed a very frequent entity but is not a very serious injury, leading only to transient disturbances, and that no intervention other than observation is typically required. However, mTBI triggers molecular changes in neuronal cells involving a complex cascade of neurometabolic alterations [1] [2] [3] that reversibly modify the concentrations of several low-molecular-weight compounds actively involved in functions crucial for cell homeostasis and survival. 3, 4 Such a cascade of molecular events is considered as the determinant of the so-called state of metabolic brain vulnerability, 5, 6 which transiently exposes cerebral tissue to the cumulative effect of a second mTBI occurring during this particular period. 7, 8 High-energy phosphates, 9 ,10 coenzyme A metabolites, 11 ATP catabolites, 11 and neurotransmitters, 12, 13 are some of the substances whose concentrations are temporarily affected as a result of a traumatic insult. Of J OURNAL OF HEAD TRAUMA REHABILITATION particular relevance is the finding that N-acetylaspartate (NAA), an abundant brain-specific compound involved in several relevant biological functions including water homeostasis 14 and lipid myelin biosynthesis, 15 clearly mirrors TBI-induced changes in ATP, showing the same pattern of decrease and recovery following mTBI and no recovery in severe TBI or repeat mTBIs. 8, 10, 11 The strict correlation between NAA and ATP ensures that this compound may be used as a valid surrogate marker to monitor cerebral energy metabolism. 8, 10, 11 Recently, particular attention has been given to compounds, noninvasively detectable in vivo by proton magnetic resonance (MR) spectroscopy ( 1 H MRS), that may be used as markers of brain metabolism following mTBI.
1 H MRS allows the routine measurement of NAA, creatine (Cr), and choline (Cho) in a single set of spectral acquisition, 16 although the low magnetic field currently used in the clinical setting (1.5 or 3 T) does not allow to resolve the N-acetylaspartatylglutamate signal in the NAA peak 17 or the creatine phosphate (CrP) signal in the Cr peak, 17 or to resolve about 10 different compounds containing the choline moiety in their molecule in the Cho peak. 17 NAA, Cr and Cho can be measured by 1 H MRS either by determining their absolute values 17 or by using the metabolite ratios. 18 When referring to NAA and Cr, this is of limited relevance since, in the brain tissue, NAA and Cr are about 10 times more concentrated than their respective related compounds N-acetylaspartatylglutamate and CrP. Therefore, areas of these 2 peaks can generally be considered as valid measurements of NAA and Cr levels. Differently, since the Cho peak is mainly composed of phosphocholine, glycerophosphocholine, and phosphatidylcholine, quantification of this peak area is not in direct correlation with one compound only. However, since these compounds are related to phospholipid metabolism, the Cho peak area is generally considered as a good indicator of the cell membrane turnover, 17, 19 that of NAA is used as a marker of energy state and neuronal integrity, 8, 10, 11, 17 and that of Cr is thought to be a marker of cellular energy.
Since the period of brain vulnerability following an mTBI is mainly characterized by evident biochemical, metabolic, and molecular changes, 3, 5, 6, 20 it is questionable whether the tests currently adopted in the clinical practice to monitor mTBI patients (neuropsychological tests, balance tests, etc), because of their inability to evaluate cerebral biochemical changes, are of utility to determine the end of brain vulnerability. Although some of them (neuropsychological tests) are largely applied to assess the return of athletes with concussive head injury to play, [21] [22] [23] it has never been demonstrated that this type of normalization overlaps with the recovery of brain metabolism.
In a constant effort to find valid objective biological parameters for the monitoring of brain metabolic recovery after head injury, several researchers, using 1 H MRS studies, turned their attention to the evaluation of the changes in NAA in mTBI patients. 24, 25 In two longitudinal studies in which patients were scanned 3 or 4 times to perform the time course of postinjury recovery of brain metabolism, we showed that concussion, an mTBI caused by any type of acceleration-deceleration of the brain, frequently encountered in contact sports, caused a reversible decrease in NAA content of the frontal lobe white matter. 26, 27 In these studies, an inclusion criterion was the constancy in the Cho/Cr ratio that allowed the semiquantitative determination of NAA relative to both Cr and Cho. 26, 27 Significantly, we observed that the recovery of brain metabolism occurred weeks after the resolution of the self-reported postconcussive clinical symptoms. 26, 27 Recently, two 1 H MRS studies reported that Cr but not NAA levels were affected by mTBI, with head injury producing a significant increase in Cr levels in different brain areas. 28, 29 As indicated earlier, in our previous studies, to investigate possible changes in NAA evaluated relatively to Cr and/or Cho, we excluded patients in whom the Cho/Cr ratio did not remain unaltered. In this article, we describe 11 cases of athletes with concussive head injury in whom alterations of brain metabolism involved not only NAA but Cr as well.
METHODS

Patient selection
After obtaining informed consent according to institutional procedures, 11 nonconsecutive amateur athletes of different sport disciplines who suffered a sport-related concussive head injury (defined as a traumatically induced alteration in mental status, not necessarily with loss of consciousness), between June 2008 and October 2011, were considered for this study. Patient selection was characterized by the following inclusion criteria: (i) Glasgow Coma Scale score 14 or more; (ii) no anatomic lesion at conventional imaging (computed tomography or magnetic resonance imaging [MRI]); (iii) normal neurological objective examination at the time of enrolment; (iv) the value of the Cho/Cr ratio different from that of controls; and (v) the requirement to refrain from further athletic activity up to normalization of brain metabolism.
Athletes (age ranging between 16 and 35 years) underwent an MR scan and a proton spectroscopic examination at 3 days postinjury, followed by 3 additionalage-matched control volunteers, previously screened to exclude prior head injuries. Any intracranial lesion observed on the first MR scan automatically excluded the candidate from the study. Before each MR examination, symptoms were assessed by using the SCAT2, a tool that represents a standardized method of evaluating injured athletes for concussion and can be used in athletes aging 10 years and older. During the medical examination, patients were asked for symptoms of mTBI including physical, cognitive, emotional, and sleep disturbances. Resolution was determined by the concordance of the results of self-assessment and SCAT2.
MRI and 1 H MRS acquisition technique
Semiquantitative analyses of Cr, NAA, and Cho were performed after obtaining proton spectra by a 3-T system (Philips Intera Achieva, Philips Healthcare, Best, The Netherlands). For conventional MRI studies, T1-and T2-weighted TSE (turbo spin-echo) images were acquired in axial, coronal, and sagittal planes, and to rule out even the smallest amount of intracerebral blood, fast field echo T2 * sequences were used. A multichannel coil (8 channels) SENSE-Head-8, with 4-mm slice thickness, 1-mm gap, and an FOV (field of view) of 230 mm, was used for all MRI sequences. Following localized shimming and water suppression, the spectroscopic examination was carried out using a PRESS (point resolved spectroscopy) pulse sequence, with the following settings: TE (echo time) = 144 ms; TR (repetition time) = 2000 ms; spectral bandwidth = 2000; and acquisition cycles = 128. The optimal positioning of the voxel was determined using the MR images acquired on axial, coronal, and sagittal planes to facilitate its 3-dimensional placement, adjacent to the cortical-subcortical junction, just anterior to the frontal horn of the lateral ventricle, at the same height of a virtual plane positioned just above the corpus callosum, to include only the white matter of the frontal lobes bilaterally. The choice of this location was made to obtain as homogeneous data as possible. To this end, a spectrum from a single voxel customized to sample a volume of interest of 3.375 cm 3 (1.5 × 1.5 × 1.5 cm) was finally obtained (acquisition time about 5 minutes for each voxel). In comparison with the multivoxel technique, the single-voxel technique was preferred to obtain a better resolution of the spectral peaks. In addition, in our previous article, data obtained from different neuroradiological centers and using the single-or multivoxel technique gave overlapping values. 27 In follow-up studies, the exact repositioning of the voxel on the same acquisition plane obtained in the previous MRI study was achieved by using dedicated software (SameScan; Philips Medical Systems, Philips Healthcare, Best, The Netherlands). Postprocessing of spectral data allowed us to calculate the area under the peaks of NAA, Cho, and Cr, using common criteria for peak integration. In the case of a single, well-defined peak (typically the NAA peak), a valley-to-valley integration was performed to obtain the area under the peaks. In the case of not fully resolved peaks (frequently the Cho and Cr peaks), a horizontal baseline between the start of the first peak and the end of the second peak was selected; the grouped peaks were then split by a vertical line, drawn from the median point of the common valley between peaks to the horizontal baseline and the area under the peaks calculated. These values were used to determine the metabolite ratios NAA/Cho, NAA/Cr, and Cho/Cr.
Statistical analysis
All data analyses and calculations of sample size were performed using the Statistical Package for the Social Sciences Windows version 13.0 (SPSS, Chicago, Illinois). Descriptive statistics for quantitative continuous variables were presented as mean ± standard deviation. Assumptions of normality were demonstrated using the Kolmogorov-Smirnov test. The homogeneity of the variance was evaluated with the Levene test. Analysis of variance for repeated measures, corrected by Bonferroni, was used to evaluate significant differences among groups. Differences were considered to be statistically significant when P < .05.
RESULTS
Clinical features of athletes with concussive head injury
A total of 55 single-voxel 1 H MRS studies (11 healthy control subjects, 11 patients studied at 4 time points) were conducted, and a total of 110 brain spectra were successfully acquired. The duration of each study averaged 16 ± 1 minute, with no complications reported. All patients were admitted as outpatients and discharged within 1 hour from the beginning of the MRI and 1 H MRS acquisitions. The clinical features of the cohort of athletes with concussive head injury are reported in Table 1 . The mean age of athletes with concussive head injury was 24.6 ± 6.4 years (8 men, 3 women) and that of controls was 25.9 ± 5.7 years (8 men, 3 women). A complete resolution of symptoms, obtained when the concordance of the results of self-assessment and SCAT2 occurred, was observed at 15.2 ± 2.6 days postinjury. 26, 27 at the time of the first 1 H MRS scan (3 days postimpact), we recorded a significant increase in the NAA/Cr ratio (2.71 ± 0.16) with respect to the value of controls (2.18 ± 0.19; P < .01). This apparent NAA increase was also evidenced 15 days after injury, when the 11 athletes with concussive head injury showed the NAA/Cr ratio of 2.54 ± 0.21 (+16.5%; P < .01 with respect to the value of controls). Unexpectedly, at the time of the third 1 H MRS scan (30 days postconcussion), significant decrease in the NAA/Cr ratio was observed (1.95 ± 0.16, P < .05 with respect to controls). A value of 2.17 ± 0.2, not significantly different from that recorded in controls, was measured 45 days after concussion. Figure 3 illustrates the changes in the NAA/Cho ratio during 45 days following concussion. In accordance with our previous observations, 26, 27 but in contrast to the apparent increase in NAA suggested by the increase in the NAA/Cr ratio, the NAA/Cho ratio underwent a transient decrease, particularly evident at 3 and 15 days postinjury when mean values of 1. 61 ± 0.20 and 1.55 ± 0.18 were recorded (mean value of the NAA/Cho ratio in controls = 1.94 ± 0.17; P < .01). At the time of the third 1 H MRS scan, the NAA/Cho ratio slightly increased (1.70 ± 0.2), although this was still 12.4% lower than that in controls (P < .01). Recovery of the NAA/Cho ratio was completed 45 days postconcussion when a value of 1.91 ± 0.19 was recorded (not significantly different from controls).
Data reported in Figure 4 show the changes in the Cho/Cr ratio observed in 11 athletes with concussive head injury during 45 days of recovery. Different from what was observed in our previous studies, in which the Cho/Cr ratio remained unaltered during the whole observational period after concussion, 26, 27 in the present cohort of athletes, we observed a significant increase in the Cho/Cr ratio after 3 (+33%; P < .01) and 15 (+31.5%; P < .01) days postinjury. At the third and fourth 1 H MRS scans (30 and 45 days postimpact, respectively), no difference in the Cho/Cr ratio was observed compared with controls.
To illustrate more clearly the postinjury phenomenon involving a decrease in NAA and Cr levels and constancy of Cho in this cohort of athletes, Figure 5 shows 1 H MR spectra both of a representative control and of a concussed athlete analyzed at 3, 30, and 45 days postinjury (for graphical reasons, the 15-day spectrum was not reported). A visible decrease in the NAA and Cr peaks at 3 days, with subsequent increase and normalization at 30 and 45 days postconcussion, is evident. Differently, the Cho peak did not show appreciable modifications 1 H magnetic resonance scout image of a healthy volunteer showing the optimal positioning of the single voxel located adjacent to the cortical-subcortical junction, just anteriorly to the frontal horn of the lateral ventricle, at the same height of a virtual plane positioned just above the corpus callosum, to include only the white matter of the frontal lobes, bilaterally. The proton spectrum shows the peaks corresponding to the metabolites of interest N-acetylaspartate (NAA), creatine (Cr), and choline (Cho). The calculated NAA/Cr and Cho/Cr ratios, relative to this subject, are also indicated.
at any time point, being very similar to that recorded in the control healthy subject ( Figure 5 ).
DISCUSSION
We previously showed that athletes with concussive head injury experience a period of metabolic brain derangement, as evidenced by the transient decrease in the NAA/Cr and NAA/Cho ratios. 26, 27 In both studies, one of the criteria for inclusion was the constancy of the Cho/Cr ratio since, for the calculation of the relative NAA abundance, it is always necessary to refer to an invariant metabolite detectable in the 1 H MR spectrum. In these studies, the trends in the NAA/Cr and NAA/Cho ratios after a concussive episode entirely overlapped, thereby supporting the conclusion that Cr and Cho concentrations did not vary (as indicated by the constancy in the Cho/Cr ratio) and that the changes in the NAA/Cr and NAA/Cho ratios were due to a real net decrease in NAA cerebral concentration, 26, 27 that is, the NAA decrease was merely apparent. In this study, we found a profound discrepancy between the trends of the NAA/Cr (transient increase and then decrease before normalization) and NAA/Cho (transient decrease) ratios. The incongruity in the trends of these 2 metabolite ratios was accompanied by a temporary increase in the Cho/Cr ratio, significantly higher than the value in age-matched healthy controls at 3 and 15 days postinjury, and then normalized 30 days after concussion (Figure 3 ). According to the aforementioned observations, it can be affirmed that in these athletes, the following observations were made: (i) the fluctuating NAA/Cr ratio ( Figure 1 ) was due to a decrease in NAA and a concomitant, more pronounced decrease in Cr levels; (ii) the decrease in the NAA/Cho ratio ( Figure 2 ) was due to a significant decrease in NAA and not due to an increase in Cho levels; (iii) the increase in the Cho/Cr ratio was due to a decrease in Cr levels ( Figure 3) ; (iv) the recovery of Cr was faster than that of NAA, as evidenced by normalization in the Cho/Cr ratio recorded 30 days postconcussion whereas the NAA/Cr ratio was still decreased (Figure 1 and 3) . To corroborate these conclusions that clearly explained the apparently contradictory trends of the metabolite ratios, in each athlete, the area under the peak of the spectral signal of Cho did not change at any of the different 1 H MRS acquisitions and was similar to that recorded in controls (data not shown). Conversely, the area under the peak of NAA was lower at 3, 15, and 30 days postinjury and that of Cr at 3 and 15 days after impact (data not shown). Even if referred to one representative athlete only, this phenomenon is clearly visible in the spectra reported in Figure 5 , which show a decrease and subsequent normalization in the NAA and Cr peaks and no change in the peak of Cho.
One question that can be raised from these results is why these athletes showed a transient decrease in both Cr and NAA levels whereas the other 40 we examined in 2 previous studies 26, 27 showed decrease in NAA levels only, with no change in Cr levels. It should be noted that athletes enrolled in the present study differ not only in decrease in Cr levels but also in the longer time necessary for NAA normalization (45 days vs 30 days observed previously), as well as for the longer duration of the postconcussive clinical symptoms (15.2 ± 2.6 days vs 3-7 or 3-15 days recorded previously). Therefore, it appears that this group of athletes suffered from a more severe concussive event, causing longer time in both clinical and metabolic recovery and a more pronounced imbalance of metabolism (change in both NAA and Cr concentrations). On the other hand, using the weightdrop model of closed-head diffuse mTBI, 30 we recently demonstrated that, in addition to NAA and ATP, Cr levels underwent a reversible 44.5% decline, which was accompanied by a less than 15% decline in CrP levels at the same time point (24 hours post-mTBI). Altogether, the sum of Cr + CrP accounted for a 42% decrease at 24 hours postinjury. 31 This transient depletion in the cerebral Cr compound pool was restored after 120 hours of mTBI. 31 In the same study, we also showed that mTBI did not affect the concentration of phosphatidylcholine, that is, one of the main compounds responsible for the intensity signal of the Cho peak in the 1 H MR spectrum. These experimental results have recently been confirmed 32 and strongly corroborate the finding reported in the present study, indicating temporary decrease in NAA and Cr levels and no change in Cho levels in our cohort of athletes with postconcussive head injury. Other authors indicated that patients suffering from mTBI underwent transient increase in Cr levels in the white matter and no change in NAA levels, 28, 29 in contrast to the results of the present and previous studies 16, 26, 27, 33, 34 and also to a conspicuous number of preclinical studies demonstrating temporary decrease in NAA 8, 10, 11, 21 and Cr pool following mTBI. 31, 32 To explain their results, these authors concluded that an increase in total Cr (Cr and CrP) levels in the white matter may support a larger pool of high-energy phosphates (CrP and ATP), helping to restore mTBI-induced alteration of cell homeostasis through upregulation of membrane pumps and other processes of cellular repair. 28, 29 Notwithstanding, these conclusions are in contrast with the notion of brain vulnerability, [1] [2] [3] [5] [6] [7] [8] 10, 11, 35 which is characterized by a period of metabolic depression (hypometabolism), mainly due to mitochondrial malfunctioning, [36] [37] [38] particularly affecting NAA homeostasis 39 and ATP supply, [8] [9] [10] [11] 31, 39 and also causing significant depletion in the total Cr pool. 31, 32 Furthermore, given the relative CrP/ATP ratio in the brain tissue, ranging from about 0.8 (from Bryant et al) 32 to about 0.33 (from Signoretti et al), 31 it seems implausible that CrP may efficiently buffer ATP stores in the case of impaired ATP homeostasis. In tissues in which the Cr-CrP system has the specific role to buffer the rapid ATP decrease caused by sudden increase in the high-energy demand, such as the muscle or cardiac tissues, the CrP/ATP ratio ranges from 3-4 (in muscles) to 1.2-1.5 (in the myocardium). Recent data seem to indicate that the Cr-CrP system in the brain plays an important role in performing the translocation of newly synthesized ATP from the mitochondrial compartment to the cytoplasmic compartment 40 and that Cr may act as a neurotransmitter. 40, 41 Therefore, the postulated increase in total Cr levels following mTBI reported elsewhere 28, 29 does not seem to have the support of either preclinical 31, 32 or clinical studies, 26, 27, 33, 34 or have a valid biochemical explanation. Conversely, the decrease in total Cr levels observed in our group of athletes with concussive head injury may well be explained by the experimentally documented general depression of brain metabolism after mTBI and corresponding to the window of metabolic brain vulnerability. Since Cr homeostasis in the brain is regulated by exogenous Cr source as well as de novo intracellular synthesis, imbalance in cerebral Cr levels might be caused either by a decreased activity of the Cr transporter 40, 42 or by an inhibition of the Cr synthesis. J OURNAL OF HEAD TRAUMA REHABILITATION A further consideration about this intricate matter of the Cr levels following mTBI [26] [27] [28] [29] is given by the preliminary evidence that dietary supplementation of Cr can facilitate recovery of function in TBI. [45] [46] [47] If cerebral Cr levels were induced to increase following mTBI, it is not clear why exogenously administered Cr would enhance recovery after TBI. On the contrary, positive effects of Cr administration would easily be explained by the notion that TBI is responsible for a decrease (not an increase) in cerebral Cr concentrations and that the exogenous Cr administration may reduce Cr depletion caused by TBI.
Different from those of previous studies, 28,29 our results have been obtained by performing repeated 1 H MRS measures on each athlete (4 per athlete), up to normalization of brain metabolism related to energy supply and mitochondrial functioning. Therefore, as previously reported, 26 ,27 the present research offers a real time course of NAA, Cr, and Cho following mTBI, demonstrating transient cerebral hypometabolism (decrease in NAA and Cr) corresponding to the window of metabolic brain vulnerability. [1] [2] [3] [5] [6] [7] [8] 10, 11, 35 In light of the data questioning the validity of neuropsychological tests to determine the safe return of athletes to play, 48, 49 the present results, besides confirming that recovery of brain metabolism occurs much later than disappearance of postconcussive symptoms, once again indicate that 1 H MRS is a potent, unique tool with which to monitor the closure of the window of metabolic brain vulnerability following mTBI that may involve important brain metabolites such as NAA and Cr. Furthermore, the very recent report carried out in a cohort of 24 symptomfree athletes with concussive head injury (as assessed by clinical self-reported symptom resolution, cognitive and clinical balance testing (SCAT2 and Balance Error Scoring System), and clearance from a medical professional for the first stage of aerobic activity) showing significant alterations in brain metabolism (decrease in NAA in the genu but not in the splenium of the corpus callosum) strongly support the concept that clinical resolution is not coincident with normalization of brain metabolism. 50 Therefore, the use of 1 H MRS in athletes affected by sports-related concussions is highly recommended to evaluate recovery of their cerebral metabolism. Until now, resolution of clinical symptoms has been used as the basis for returning to sports after a concussion. Given the findings of this study, we wonder what a physician, physiotherapist, or trainer would tell a concussed athlete to "go back on the field" after clinical resolution of symptoms, knowing that this athlete still has an abnormal 1 H MRS result that signifies a cerebral metabolism marker that has not yet fully recovered. Nevertheless, an important empirical question needing further investigation is whether the sensitivity and specificity of metabolic indices described in this article will provide better risk prediction of a more severe concussion the next time a concussion occurs. Future studies might also help to understand whether different brain areas undergo to metabolic changes similar to those we constantly found by placing voxel in the subcortical region of the frontal lobe.
